In particular, aberrant DNA methylation levels in sperm have been associated with abnormal sperm parameters, lower fertilization rates and impaired embryo development. Recent reports have indicated that human sperm might be epigenetically heterogeneous and that abnormal DNA methylation levels found in the sperm of infertile men could be due to the presence of sperm populations with different epigenetic quality. However, the origin and the contribution of different germ cell types to this suspected heterogeneity remain unclear. In this review, we focus on sperm epigenetics at the DNA methylation level and its importance in reproduction. We take into account the latest developments and hypotheses concerning the functional significance of epigenetic heterogeneity coming from the field of stem cell and cancer biology and discuss the potential importance and consequences of sperm epigenetic heterogeneity for reproduction, male (in)fertility and assisted reproductive technologies (ART). Based on the current information, we propose a model in which spermatogonial stem cell variability, either intrinsic or due to external factors (such as endocrine action and environmental stimuli), can lead to epigenetic sperm heterogeneity, sperm epimutations and male infertility. The elucidation of the precise causes for epimutations, the conception of adequate therapeutic options and the development of sperm selection technologies based on epigenetic quality should be regarded as crucial to the improvement of ART outcome in the near future.
Introduction
Infertility is a multifactorial disease that can be attributed in about half of the cases to the male partner (Tüttelmann et al. 2008 ). However, a large proportion of men is diagnosed with idiopathic infertility due to the lack of any known causative factor (Tüttelmann et al. 2008) . Epigenetic modifications (e.g. modification of histones, non-coding RNAs and DNA methylation) relate to changes in the DNA that do not affect the nucleotide sequence (Berger et al. 2009 ) and have been suggested to be involved in the aetiology of male idiopathic infertility (Carrell 2012) . In particular, the association between aberrant methylation in sperm DNA and male idiopathic infertility and adverse reproductive outcome has been well established in the literature (see Supplementary  Table 1 , see section on supplementary data given at the end of this article). This relationship has been further emphasized by a meta-analysis that found high odds ratios (OR) associating the aberrant methylation of two imprinted genes in the sperm of men with male infertility (Kläver & Gromoll 2014) . However, epimutations in sperm and the possible underlying heterogeneity have not been studied mostly due to technology-based limitations. Only recently, new technologies enabled the study of DNA methylation in single sperm, spermatogonia and gonocytes to address potential epigenetic heterogeneity among and within these cell types (Jenkins et al. 2014 , Kuhtz et al. 2014 , Laurentino et al. 2015 .
The purpose of this review is to discuss the influence of epigenetics, particularly DNA methylation, on male infertility in the light of the new concept of epigenetic heterogeneity and its relevance to reproduction.
DNA methylation and imprinting
The epigenetic modification most frequently evaluated in the context of idiopathic male infertility is DNA methylation, which refers to the methylation of cytosines at CpG (cytosine-phosphate-guanine) dinucleotides. Hypermethylation of CpG-rich sequences in gene promoter regions (called CpG islands) is usually associated with gene silencing, while hypomethylation is generally associated with gene expression (Jones 2012) . DNA methylation is particularly important for reproduction due to its role in germ line reprogramming, occurring early in testis development, which involves the erasure and re-establishment of DNA methylation patterns in germ cells (Carrell 2012) . After fertilization, the embryo undergoes a wave of genome-wide demethylation affecting the entire genome with the exception of imprinted genes and transposable repetitive elements (Hajkova et al. 2002) . Imprinted genes refer to a group of biallelic genes expressed in a monoallelic, parent-of-origin-dependent manner. Paternally imprinted/methylated genes (e.g. H19) are usually highly methylated in sperm and unmethylated in oocytes, and are therefore expressed through the maternally inherited allele in the offspring (Masahiro 2011) . In contrast, maternally imprinted/methylated genes (e.g. MEST) are usually methylated in the oocyte and unmethylated in sperm, being expressed through the paternally inherited copy throughout life (Masahiro 2011) . Because of this lifelong maintenance of imprinting patterns in somatic lineages, defects in the methylation patterns in these regions have the potential to be transmitted to the offspring. The biallelic activation or inactivation of an imprinted gene could lead to imprinting disorders (e.g. Beckwith-Wiedemann [MIM130650] and Prader-Willi [MIM176270] syndromes; Masahiro 2011). This abnormal activation or inactivation of imprinted genes might be the result of chromosomal deletion or duplication, uniparental disomy, gene mutations or imprinting defects related to abnormal DNA methylation (Horsthemke 2014) . After implantation, a second wave of genome-wide demethylation takes place in primordial germ cells (PGCs), and erases the epigenetic marks of regions that had escaped the first wave of demethylation, in preparation for the establishment of the specific DNA methylation pattern for each parental germ line (Carrell 2012 , Kobayashi et al. 2013 , Tang et al. 2015 . In the male germ line, this process is believed to occur after embryo implantation, following the migration of PGCs to the gonadal ridge (Kobayashi et al. 2013 , Tang et al. 2015 . Afterwards, the correct methylation patterns specific to the male germ line are re-established by de novo methylation (Davis et al. 2000 , Obata & Kono 2002 , Saitou et al. 2012 ). This process, in mice, occurs a few days after erasure, whereas in humans, male PGCs appear to remain in an erased state for several weeks before re-methylation (Wermann et al. 2010 , Kobayashi et al. 2013 , Tang et al. 2015 . In the case of imprinted genes, reprogramming causes both parental copies of paternally methylated genes to be fully re-methylated, while maternally methylated genes will remain unmethylated in the male germ line (Masahiro 2011 ). In addition to imprinted genes, data on human PGCs have shown that other genes have the ability to escape both waves of demethylation (Tang et al. 2015) . These "escapee" genes include not only repetitive regions in the genome (such as LINEs) but also genes frequently expressed in the brain and neural development, as well as genes associated with obesity, cancer, bowel diseases and brain function (Tang et al. 2015) . In theory, epimutations in these "escapee" genes would not be repaired and could constitute a potential mechanism for trans-generational epigenetic inheritance. This phenomenon has been suggested by several studies, but its magnitude is still under debate (Kläver et al. 2015 , Wei et al. 2015 . By acting on genes that retain their gametespecific DNA methylation patterns throughout life, the process of germ line reprogramming has potential consequences not only for spermatogenesis and sperm function but also for the offspring. Therefore, it must be kept in mind that factors disturbing this epigenetic mechanism in sperm might directly affect reproductive outcome.
Sperm DNA methylation, infertility and ART outcome
The strong association between aberrant DNA methylation of imprinted genes and abnormal sperm parameters, particularly sperm number, motility and morphology, has been extensively described in the literature and is summarized in Supplementary Table 1 . In fact, a metaanalysis has shown that infertile men are more likely to have aberrant MEST (OR = 3.4) or H19 (OR = 14.62) methylation in sperm DNA when compared with fertile men (Kläver & Gromoll 2014) . These high ORs demonstrate a strong association between epimutations in MEST and H19 with male infertility. In addition to imprinted genes, DNA methylation levels of repetitive elements, e.g. LINEs and ALU, and spermatogenesisrelevant genes (e.g. RHOX genes) have also been found to be altered in abnormal sperm (El Hajj et al. 2011 , Richardson et al. 2013 , Urdinguio et al. 2015 .
Besides aberrant sperm parameters, abnormal DNA methylation in sperm has also been associated with the outcome of ART, including higher miscarriage rates ( Supplementary Table 1 ). Furthermore, several authors have described an increased prevalence of imprinting disorders in ART offspring, although this link has never been successfully proven (DeBaun et al. 2003 , Gicquel et al. 2003 , Chang et al. 2005 , Sutcliffe et al. 2006 , Kobayashi et al. 2009 , Zheng et al. 2011 , Hiura et al. 2012 , 2014 , Cocchi et al. 2013 . A meta-analysis has nevertheless found an increased OR for the prevalence of imprinted disorders in children born after ART compared with those born after spontaneous conception (Lazaraviciute et al. 2014 ). In addition, Kobayashi et al. (2009) showed that DNA methylation aberrations found in offspring could also, in a high proportion of the cases, be detected in the semen of the father, indicating an inherited epigenetic defect rather than an impact of ART procedures as an underlying cause for the epimutations. The use of sperm with aberrant DNA methylation (especially in imprinted genes that do not undergo reprogramming in somatic lineages and other genes that are able to escape both waves of epigenetic reprogramming) for ART and in particular ICSI might therefore bypass natural selection mechanisms and could result in severe consequences for the progeny that need to be carefully evaluated.
Although published data convincingly demonstrate that epimutations in sperm are associated with deleterious effects on fertility and reproductive outcome, the origin of sperm epimutations has only begun to be addressed. This lack of knowledge is mainly due to technical limitations rendering single-cell analysis difficult to perform. Therefore, it was not clear whether R73 aberrant methylation levels were caused by an overall epigenetic defect affecting most sperm or by heterogeneity resulting in the presence of different sperm populations presenting with different epigenetic patterns within a single ejaculate.
Epigenetic heterogeneity
Advances in single-cell technologies have shown that even seemingly homogeneous populations show differences in gene expression, which might be directly linked to epigenetic heterogeneity (i.e. presence of mixed epigenetic patterns in a cell population or tissue; Lee et al. 2014) . The idea of epigenetic heterogeneity originates from Waddington's concept of an epigenetic landscape in which epigenetic differences in a cell population lead to different lineages (Waddington 1939 , Hemberger et al. 2009 ). The simplest form of epigenetic heterogeneity may result from the existence of a mixture of cell populations within a tissue, organ or cell line. A typical example of this is the difference in epigenetic status of white blood cell fractions. These differences have been suggested to be responsible for confounding methylation measurements in whole blood DNA due to the distinct amounts of specific cell types composing the blood of each individual (Adalsteinsson et al. 2012 , Jaffe & Irizarry 2014 . Other examples are immortalized cell lines (e.g. HEK293), which usually serve as an essential research tool in everyday laboratory practice due to their perceived uniformity. The epigenetic heterogeneity found when comparing many commonly used cell lines obtained from different labs might explain why they may respond differently to similar stimuli and culture conditions (Putnik et al. 2015) . Epigenetic heterogeneity might also reflect the plasticity of a cell or tissue. For instance, embryonic stem cells (ESCs) have been described to undergo a brief phase of epigenetic priming in which high levels of both DNA-methyltransferases (DNMTs; enzymes responsible for DNA methylation and its maintenance) and 10-11 translocation enzymes (TET; enzymes that have been shown to be involved in DNA demethylation) are expressed (Seisenberger et al. 2012 , Ficz et al. 2013 ). This overexpression/overactivity of both enzyme types results not only in epigenetic but also in transcriptional heterogeneity, which ultimately enables the individual cells to respond differently to the various stimuli . This, in turn, contributes to cell fate decisions that lead to the commitment into different cell lineages . In line with the Waddington concept, it has been shown that the potential of somatic cells to be reprogrammed into induced pluripotent stem (iPS) cells can be increased by disturbing their epigenetic state with treatments affecting histone modifications and creating epigenetic heterogeneity before factor induction (Pour et al. 2015) . Cancer is another pivotal example of epigenetic heterogeneity, a factor that contributes to tumour cell plasticity, and might therefore be the major underlying cause for poor prognosis and survival rates for several cancers, including prostate cancer (De et al. 2013 , Brocks et al. 2014 , Shaknovich et al. 2014 .
Sperm epigenetic heterogeneity
Until recently, data on the putative epigenetic heterogeneity of human sperm were scarce. The first report focusing on intra-individual epigenetic variation in human sperm used normozoospermic sperm donors and identified a small degree of heterogeneity in several diseaserelated genes, including BRCA1 and BRCA2 (Flanagan et al. 2006) . Following this, Krausz et al. (2012) described how different-quality fractions obtained by discontinuous gradient from the sperm of a single individual do not vary significantly in their DNA methylation profiles.
Most studies dealing with methylation defects in the sperm of infertile men used large semen samples and were not able to account for possible cell heterogeneity due to the technical limitations of methods being applied. The most widely used method, bisulphite sequencing (involving bisulphite treatment, cloning of PCR products and sequencing), is restricted to the limited number of clones that can be analysed from each given sample. As a consequence, the usefulness of this method in evaluating epigenetic heterogeneity and mosaicism is limited. Nevertheless, when carefully re-analysing the methylation patterns obtained from previous studies that used cloning and sequencing for the analysis of DNA methylation in sperm, it becomes clear that some data already indicated the presence of epigenetic heterogeneity/mosaicism in sperm. The patterns shown by several of the clones sequenced (Flanagan et al. 2006 , Kobayashi et al. 2007 , Marques et al. 2008 , Hammoud et al. 2010 , Marques et al. 2010 , Wu et al. 2010 , Minor et al. 2011 , Sato et al. 2011 , Ankolkar et al. 2012 , Montjean et al. 2013 ) resemble at a small scale the binomial (sequences fully methylated vs fully unmethylated) distribution of sequencing patterns obtained using deep-bisulphite sequencing (DBS; Laurentino et al. 2015) . Due to the requirement for a high number of individual sequences analysed from each single sample, the detection and measurement of epigenetic heterogeneity in sperm as well as in other tissues only became feasible now, with the advent of high-resolution analysis methodologies such as nextgeneration sequencing/DBS (Mikeska et al. 2010 , Meaburn & Schulz 2012 , Beygo et al. 2013 , Gries et al. 2013 , Smallwood et al. 2014 , Putnik et al. 2015 . The use of novel and highly sensitive DNA isolation and pyrosequencing-based sequencing techniques, such as OSMA (oligo-sperm methylation assay; Laurentino et al. 2015) and limiting dilution (LD; Kuhtz et al. 2014) , allowed the detection of DNA methylation heterogeneity in the sperm of infertile men. This heterogeneity could be further confirmed using DBS, which enabled the undoubted detection of epigenetically distinct sperm populations in the semen of a group of infertile men (Fig. 1) . These results strongly support the concept that aberrant DNA methylation at imprinted genes is due to the occurrence of epigenetic mosaicism in semen. Additional analyses using a specific H19 SNP within the analysed region lead to separation of both parental alleles revealing that epimutations occurred preferentially at the maternally inherited allele and retained an oocyte-like imprinting pattern. This finding suggests that a failure in the reprogramming in some of the PGCs or gonocytes early in development might be responsible for the occurrence of sperm epimutations. A defect in the epigenetic reprogramming of PGCs, specifically defective erasure of DNA methylation marks, as the origin for the aberrant levels of DNA methylation in infertile men has been previously suggested, due to the preferential detection of hypermethylation-affecting genes normally unmethylated in the sperm of infertile males (Houshdaran et al. 2007) .
It is noteworthy that a high and constant fraction of epimutated sperm cells could be repeatedly detected for all analysed genes in each sample from a cohort of infertile men presenting with oligoasthenoteratozoospermic and abnormal average MEST DNA methylation (Laurentino et al. 2015) . This pattern is reminiscent, and in accordance with, the spermatogenic system present in human testes, in which a large number of progenitor cells (type A pale spermatogonia), originating from the same original small pool of PGCs, give rise to a relatively small number of sperm (16 from each cell that enters differentiation; ). This creates a chance for the propagation of distinct DNA methylation patterns through the successive cell divisions, with the earlier the occurrence of the original epimutation, the higher the number of SSCs and therefore sperm ultimately affected in the ejaculate.
The idea that male infertility and affected germ cells might be more prone to epigenetic heterogeneity has been corroborated by Jenkins et al. (2014) , who separated sperm from normozoospermic men into "high-quality" and "low-quality" quality fractions by discontinuous gradient and analysed the respective DNA methylation patterns. Several differentially methylated regions were identified between the fractions, sug-gesting that some loci are more susceptible to variation than others. However, these variations did not seem to equally affect all the sperm in the "low-quality" fraction (Jenkins et al. 2014) . This further indicates that a single ejaculate might contain subpopulations of sperm with different methylation patterns, probably resulting from alterations in a portion of the spermatogonial cell population. This notion was corroborated by Kuhtz et al. (2014) , wherein the DNA methylation of several genes was evaluated by LD and DBS. A higher rate of epimutations was detected in sperm from OAT men compared with fertile controls. However, by DBS, only a few of the OAT patients analysed (none of which had resulted in pregnancy) showed a high percentage of abnormal alleles, indicative for a severe methylation defect. This seeming difference in the severity of epimutations found using the same DBS system (Roche 454/GS Junior; Kuhtz et al. 2014 , Laurentino et al. 2015 is only apparent and can be explained by the different criteria used for sample selection (pre-screening for DNA methylation defects vs fertilization ability).
Currently, the temporal and cellular origin of epimutations and epigenetic heterogeneity is unknown and can only be determined by analysing specific germ cell types at different stages of development. However, the pattern of epimutations found in men with epigenetic mosaicism seems to point towards a clonal expansion of the originally affected cells. This suggests that abnormal DNA methylation in sperm originates during prenatal life, early in development, and could be caused by an incomplete reprogramming of the male germ line (Laurentino et al. 2015) . This scenario does not exclude the possibility that the epigenetic programming of the germ line might be affected during later stages of development (pre-and post-pubertal) and by external factors, although the effects would be of a different magnitude. For instance, it has been reported that obesity has an impact on the epigenetic pattern of sperm and that subsequent weight loss induces changes in sperm DNA methylation in genomic regions associated with the control of appetite (Donkin et al. 2015) . Although the causes for the co-existence of multiple, differentially methylated populations of sperm are, so far, unknown, it is to be assumed that an epigenetic mosaicism can be caused by both extrinsic and intrinsic factors, such as genotype, hormones and the environment (Fig. 2) . A red line denotes that the site was methylated and a blue line denotes that it was unmethylated (adapted from Laurentino et al. 2015) .
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Genetic variations, for example, in genes encoding enzymes important for DNA methylation and demethylation pathways, are known to affect the process of imprint establishment itself. Mice deficient in Tet1 and Tet2 have been shown to have abnormal methylation at imprinted genes (Dawlaty et al. 2013 , Bermejo-Alvarez et al. 2015 . Reproductive hormones might also affect proper DNA methylation during testis development, an influence that has been demonstrated by the direct effect of sex steroid hormones on brain development, a process that is mediated by regulation of DNA methylation (Nugent et al. 2015) . Moreover, it is possible that the germ cell niche, which plays an important role in the determination of SSC fate (Chen et al. 2014 , Chen & Liu 2015 , also contributes to the maintenance and regulation of the epigenetic state of germ cells (Oliveros-Etter et al. 2015) . The removal of PGCs from the niche leads to their reversion to embryonic germ cell state, along with disturbance of the specific germ line imprints (Oliveros-Etter et al. 2015) . In addition to the aforementioned factors (Donkin et al. 2015 , Pacchierotti & Spanò 2015 , other environmental influences such as endocrine disruptors (e.g. vincozolin and bisphenol A) have been described as having an impact specifically on the epigenetic programming of the male germ line and causing epimutations in sperm (Manikkam et al. 2013 , Iqbal et al. 2015 . Finally, ageing is able to change the SSC composition of testis and might also alter the proportion of aberrantly methylated sperm found in an ejaculate (Paul & Robaire 2013; Fig. 2) .
Based on the available data and concepts on epigenetic heterogeneity, we propose a model addressing the possible origin of epimutations and epigenetic heterogeneity in sperm (Fig. 2) . According to this, the different factors could potentially affect the germ line at epigenetically sensitive periods (e.g. during germ line reprogramming or during later life) to disturb the methylation patterns of spermatogenic cells. These changes, if not directly impairing spermatogenesis, will not be 'repaired' and could persist throughout spermatogenesis and be forwarded to the progeny (Fig. 2) . The fact that the epigenetically aberrant sperm populations were preferentially found in men with severe sperm abnormalities and that non-imprinted genes are also affected ( Supplementary Table 1 ) suggests that there might be a link between phenotype and epigenotype.
It is important to note that there are clear evidences that spermatogonia might also have a degree of constitutive heterogeneity at the gene expression and epigenetic level, at least in mouse models, that allows the cells to retain a certain degree of plasticity (Hammoud et al. 2015 , Hermann et al. 2015 . This is in accordance with data from other cell types indicating that epigenetic heterogeneity is usually connected to transcriptional heterogeneity. This is, presumably, a mechanism that enables spermatogonia to react to stimuli and interact with the stem cell niche differently and might be linked to decision-making pathways in these cells, i.e. either to replenish the testicular stem cell pool or to progress through spermatogenesis (Hammoud et al. 2015 , Hermann et al. 2015 , Krieger & Simons 2015 . Whether such constitutive spermatogonial heterogeneity is also present in humans (and if this mechanism is perturbed in infertile patients) remains to be explored.
Conclusions and future perspectives
Taken together, the available literature indicates a clear association between abnormal DNA methylation patterns in sperm and male infertility. However, this adverse outcome might not be due to a broad epigenetic defect affecting the gametes of these men.
Figure 2
Model for the occurrence of epigenetic heterogeneity in human sperm. Multiple stimuli including genetic background (e.g. variations and mutations in genes encoding TET and DNMT enzymes), steroid hormones, factors secreted by the stem cell niche and the environment might affect the primordial germ cells (PGCs) at phases of epigenetic vulnerability such as during reprogramming. This results in different populations of spermatogonia and ultimately, in adulthood, in sperm with different epigenetic statuses. The extent of aberrant reads, measured by deep bisulphite sequencing (lower panels), will be proportional to the number of spermatogonia and sperm affected by the epimutations. Moreover, throughout life, these same stimuli and also the process of ageing itself can also affect the epigenetic programming or alter the population of resident spermatogonial stem cells. This might further induce the occurrence of epimutations or might change the proportion of sperm presenting with aberrant DNA methylation patterns in the ejaculate. Instead, it is more probably caused by the production of a portion of sperm that has aberrant DNA methylation levels along with a population that presents normal epigenetic programming. The selection of this high (epi)quality sperm fraction is currently impossible due to the inexistence of methods that allow the measurement of DNA methylation levels without leading to the destruction of the analysed cells. The development of such a technique could have a major impact not only on the outcome of ART but also to its safety. However, the development of therapeutical options for men with germ line epimutations could also have a similar impact to the field of reproductive medicine. Although intrinsic factors, such as alterations in genes involved in epigenetic regulation, might not be corrigible, other possible culprits, such as hormones or environmental factors, might be suitable targets for pharmacological treatments or even prevention strategies. However, in order to identify possible intervention approaches, the source and causes for the occurrence of epimutations and epigenetic heterogeneity in sperm must be specifically identified and should be considered as a priority in current reproductive research.
